Introduction
Research into the cellular mechanisms of learning and memory has focused less on changes in intrinsic neuronal excitability than on changes in synaptic strength. Activity-dependent increase in excitability can function as a homeostatic mechanism that compensates for prolonged periods of lowered activity (Desai et al., 1999) . However, changes in excitability can also be nonhomeostatic and contribute to plasticity in neural networks, as when intracellular depolarization of cerebellar deep nuclei neurons enhances their repetitive firing in response to future stimulation (Aizenman and Linden, 2000) . Neuromodulators such as serotonin (5-HT) appear to play an important role in the regulation of excitability and certain forms of learning. For example, release of 5-HT enhances the excitability of sensory neurons contributing to the sensitization of the tail withdrawal reflex in Aplysia (Marinesco and Carew, 2002) .
In the leech, 5-HT increases the excitability of the S interneuron (Burrell et al., 2001) , which is critical for sensitization of the whole body shortening reflex (Modney et al., 1997; Burrell et al., 2003) . Like the tail-withdrawal reflex in Aplysia, the whole body shortening reflex is mediated in part by a monosynaptic reflex arc in which sensory neurons terminate directly onto motor neurons and by multisegmental interneurons (Shaw and Kristan, 1995) . The same sensory neurons also excite the S interneuron, which provides additional excitatory input to the motor neurons, but the S cell cannot, on its own, shorten the animal. With sensitization, weak stimuli that shorten the animal evoke an increased number of S-cell impulses that, acting through motoneurons, enhance shortening (Sahley et al., 1994) . The S cell thus appears to be recruited into the circuit (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The sensitizationinduced increase in the excitability of the S cell is mimicked by 5-HT application (Burrell et al., 2001) , is blocked by the 5-HT receptor antagonist methysergide, and uses cAMP as a second messenger . Moreover, the receptors mediating the effects of 5-HT on the S cell are unknown. The S cell does not contain 5-HT, but the firing of the serotonergic Retzius (R) cells, the main source of 5-HT in the leech (Lent et al., 1991) , enhances the excitability of the S cell (Burrell et al., 2001) . The link between the sensitizing stimulus and 5-HT release, however, has remained elusive.
Although strong mechanical or electrical stimuli activate the Retzius cells and cause 5-HT release, the direct excitatory inputs to the R cells are unknown. The present study aimed to determine (1) whether the S cell itself contributes to that excitation and (2) the 5-HT receptor subtypes on the S cell by which the R cell may increase the excitability of the S cell.
Materials and Methods
Preparation and solutions. Leeches (2-3 g) were supplied commercially (Leeches USA, Westbury, NY) and maintained in artificial pond water (0.5 g/L Forty Fathoms salts in deionized water; Marine Enterprises, Baltimore, MD) at 15°C. Unless otherwise stated, experiments were performed in a physiological saline solution containing the following (in mM): 115 NaCl, 4.0 KCl, 1.8 CaCl 2 , and 10 Tris maleate, at pH 7.5 (Kuffler and Potter, 1964) . In some experiments, 18 mM MgCl 2 was added to physiological saline, or 15 mM MgCl 2 and 18 mM CaCl 2 replaced equimolar concentrations of NaCl. The S cell has no IPSPs and a brief, overshooting action potential in the soma, which is typically adjacent to the R cells. With the largest axon in the connectives, the action potentials of the S cell are ordinarily the largest units recorded extracellularly from the connectives.
Electrophysiological recording. Intracellular recordings were obtained using thin-walled glass capillaries (30-30-0; Frederick-Haer, Brunswick, ME), drawn on a Flaming/Brown micropipette puller (model P-97; Sutter Instruments, Novato, CA) to a resistance of 25-30 M⍀ when filled with 4 M potassium acetate. Extracellular signals were amplified differentially with an AC preamplifier (model P15; Grass Telefactor, West Warrick, RI). Intracellularly recorded signals were amplified (model M701 Microprobe system; World Precision Instruments, Sarasota, FL; or model 1600 Neuroprobe amplifier; AM Systems, Carlsborg, WA), filtered with a low-pass bessel filter (modified model LPF202A; Warner Instruments, Hamden, CT), and digitized using the Digidata 1322A interface and Axoscope data acquisition software (Molecular Devices, Union City, CA). Stimulus pulses were delivered using an S88 dualoutput square-pulse stimulator and an SIU5 stimulus isolation unit (Grass Telefactor).
Dye injections and microscopy. To identify potential synaptic contact sites, in some ganglia the S cell and an R cell were filled with different intracellular tracers. In these experiments, 3% Lucifer yellow (LY) in 0.1 M LiCl was injected into the Retzius cell and either 5% biocytin (Invitrogen, Eugene, OR) in 0.4 M KCl containing 0.4% fast green FCF dye or 10 mg/ml rhodamine-dextran (Invitrogen) in 0.2 M KCl containing 0.4% fast green FCF dye was injected into the S interneuron through thick-walled recording microelectrodes (30-31-1; Frederick-Haer) beveled to a resistance of 40 -60 M⍀ when measured in the recording chamber. When biotin was injected into the S cell, it also filled the coupling interneurons, which are electrically coupled to the S cell. After cells were injected, ganglia were fixed for 1 h in 4% paraformaldehyde, rinsed in saline, and stained overnight at 15°C in 10 g/ml streptavidin conjugated to Texas Red (Invitrogen) in saline. Ganglia were then rinsed in saline, dehydrated through an ascending ethanol series, cleared in 100% xylenes, and mounted on glass slides in Gurr fluoromount mountant (BDH, Poole, UK). These preparations were imaged on an Olympus (Melville, NY) FluoView FV300/BX61 laser scanning confocal microscope mounted on an Olympus BX50WI upright microscope platform. The Lucifer yellow fluorophore was excited with 488 nm light from an argon laser and imaged with a 510 nm long pass barrier filter. The Texas Red and rhodamine fluorophores were excited with 568 nm light from a krypton laser and imaged through a 550 nm short-pass barrier filter. The FluoView imaging software (version 2.1.39; Olympus) was used for image acquisition; ImageJ (version 1.32j, developed by Wayne Rasband of the National Institutes of Health, Bethesda, MD) was used for projection of the full z-stack. Adobe Photoshop (version 6.0; Adobe Systems, Mountain View, CA) was used for image processing and the uniform enhancement of contrast.
In some experiments, S interneurons were injected with 0.2 M (5)6-carboxyfluorescein (6-CF; Eastman Kodak Company, Rochester, NY) recrystalized, dissolved in deionized water, and neutralized to pH 7.4 with KOH. Injection of the S cell with 6-CF reveals the two coupling interneurons in each ganglion to which the S cell is coupled by nonrectifying electrical junctions (Muller and Scott, 1981) . Because 6-CF diffuses readily from the S cell into the coupling interneurons, the locations of the somata of the latter cells can be seen by illuminating the ganglion with light from a tungsten lamp operated at higher-than-rated voltage and passed through a BG12 filter. The blue light was focused through a Leitz (Wetzlar, Germany) dark-field condenser (numerical aperture, 0.8 -0.95) onto the ganglion, which was viewed through a yellow barrier filter.
Effects of drugs on excitability and synaptic transmission. The excitability of the S cell was evaluated by the methods of Burrell et al. (2001) by measuring (1) the threshold amplitude of current required to evoke an action potential within the first 10 -15 ms of a 20 ms pulse, and (2) the number of impulses elicited by a 200 ms pulse of threshold amplitude current. Changes in excitability (e.g., before and after drug treatment) were considered valid only if input resistance and resting membrane potential of the S cell did not change, because damage caused by the impaling electrode might artifactually change soma excitability. This does not rule out input resistance changes distal from the soma as potential mechanisms of the enhanced excitability; such changes in input resistance might not be detected from the soma. 5-HT, 5-methoxytryptamine (5-MeOT), pimozide, methysergide, and ( R)-3-(2-(2-(4-methylpiperidin-1-yl)-ethyl)pyrrolidine-1-sulfonyl)phenol (SB-269970) were obtained from Sigma-Aldrich (St. Louis, MO). Drugs were prepared at their final concentration in either physiological saline or saline with 18 mM MgCl 2 . Because pimozide was dissolved in ethanol, all salines for sets of experiments in which pimozide was used for one or more drug conditions contained 0.15% ethanol. After a baseline measurement of excitability was obtained, ganglia were incubated in pretreatment saline or antagonist pimozide for 2 min, then treatment saline (containing agonist, antagonist, agonist plus antagonist, or no drug) for 2 min. Then, ganglia were washed with saline for 5 min at a flow rate of 1 ml/min, after which the second and final measurement of excitability was made. In treatments involving an antagonist, the same antagonist was always used in both pretreatment and treatment salines. The experimenter was blind to the drugs applied.
In some experiments, intracellular stimulation of the R cell was used in place of bath-applied 5-HT or 5-MeOT to enhance the excitability of the S cell. In these experiments, measurements of the excitability of the S cell were made before and immediately (i.e., without any delay) after a 10 s train of suprathreshold depolarizing current pulses delivered at a rate of 4 Hz, after the method of Burrell et al. (2001) .
Statistics. Statistical analyses were conducted using Statistica (version 5.1; StatSoft, Tulsa, OK). Averages are reported as the mean Ϯ SEM.
Results

S cell to R cell connection
Single action potentials in the S cell evoked by intracellular current injection triggered a short latency EPSP in the R cell (Fig. 1) . When multiple traces of the EPSP were averaged, the delay was measured to be ϳ2.5 ms in duration (9 sweeps) (data not shown), which is on the order of previously described monosynaptic chemical connections in the leech, such as the connection from the P cell to the S cell (Baccus et al., 2000) . The EPSP was abolished by the AMPA/kainate receptor antagonist CNQX (50 M) (Fig. 1) . Other established glutamatergic synapses in the leech are Figure 1 . Single impulses elicited from the S cell triggered a short-latency EPSP in the serotonergic R cell. A single action potential in the S cell evoked by a depolarizing intracellular current injection and the resulting short-latency EPSP are shown (left). After a 3-4 min treatment with AMPA/kainate receptor antagonist CNQX (50 M) in saline, the EPSP in the R cell was eliminated (middle). When the CNQX was replaced with saline alone, the EPSP mostly recovered (right). Calibration: top traces, Ϫ60 mV beginning at 0 mV, 50 ms; bottom traces, Ϫ1 mV beginning at Ϫ41 mV, 50 ms; Ϫ43 mV, 50 ms; Ϫ41 mV, 50 ms, respectively. also blocked by 25-50 M CNQX (Wessel et al., 1999; Baccus et al., 2000) .
Although the above observations suggested the presence of a monosynaptic connection of the S cell with the R cell, a well established test for monosynaptic chemical connections used originally in the leech is to raise both [Ca 2ϩ ] and [Mg 2ϩ ] in the bath (Nicholls and Purves, 1970) . The rationale is that extracellular calcium and magnesium ions each decrease the excitability of neurons (Frankenhaeuser and Hodgkin, 1957) and have opposite effects on the number of quantal packets secreted at chemical synapses (Katz, 1962) . Thus, if there is an excitable interneuron involved, it will not fire and the synaptic potential will disappear, whereas monosynaptic potentials persist. When ganglia were perfused with saline containing high divalent cations (18 mM MgCl 2 and 15 mM CaCl 2 ), the EPSP usually observed in the R cell in response to an S cell action potential was largely abolished (Fig. 2) . A small residual EPSP was occasionally observed up to 4 min into the perfusion of high divalent cation saline (Fig. 2, middle) . It is possible that this indicates the presence of a relatively weak monosynaptic connection from the S onto the R, in addition to a stronger polysynaptic connection. A second possibility also consistent with the data presented below is that the connection is entirely polysynaptic and the decrease in excitability of the interneuron prevents most, but not all, of its presynaptic sites from depolarizing to threshold for synaptic release. Similarly, conduction block in P sensory neurons has been shown to cause stepwise reductions in EPSP amplitude in the S cell because of a failure of impulses to invade all of the spatially distributed synaptic contact sites under certain conditions (Baccus et al., 2000) . Nevertheless, these data suggest that most of the synaptic transmission from the S interneuron to the R cell is mediated by a fast polysynaptic connection.
Contacts with the R cell
To determine whether and where the S cells contact the R cells, R cells were filled with the fluorescent dye LY, and S cells were filled with biocytin. Biocytin was labeled in fixed ganglia with a streptavidin-Texas Red conjugate. Because the S cell and the coupling interneurons are electrically coupled and dye-coupled (Muller and Scott, 1981) , biocytin readily diffused from the S cell into the coupling interneurons, filling both. The dye-coupling, properties of electrical synapses, and distribution of processes and contacts between the S cell and the coupling interneurons have been described (Muller and Scott, 1981) .
Biocytin fills of the S cell (and coupling interneurons) together with LY fills of the R cells viewed at high resolution by confocal microscopy revealed many potential synaptic contact sites. In electron microscopic studies of labeled sensory and motor neurons in the leech, synaptic contacts were seen whenever the neurons appeared to make contact at the light microscopic level (Macagno et al., 1987) , suggesting that apparent contacts at varicosities are generally sites of synapses. Nonetheless, definitive identification of a contact as a synapse requires electron microscopy to eliminate the possibility of an intervening glial sheet. Apparent contacts were observed between the cell filled with Lucifer yellow (R cell) and the cells filled with biocytin (S cell and coupling interneurons). The white dotted lines in Figure 3 delineate the lateral extent of the S cell arbor; processes between the dotted lines may belong to either the S cell or coupling interneurons, but processes outside the region between the dotted lines are elements of the coupling interneuron arbors (Muller and Scott, 1981) . Because the processes of the R cell do not extend far beyond the midline into the contralateral hemiganglion, more contact sites were observed between the R cell and the ipsilateral processes of the coupling interneurons than between the R cell and the contralateral processes of the coupling interneurons. The R cell releases 5-HT in a paracrine manner from its soma (Trueta et al., 2003 (Trueta et al., , 2004 and also forms chemical junctions (Liu and Nicholls, 1989) . The R cell had many varicosities that appeared to contact the main axon and primary neurite of the S cell. Because synaptic vesicles are never observed in the main axon or initial neurite of the S cell (Muller and Scott, 1981) , these may be sites from which 5-HT is released and modulates the excitability of the S cell.
In a lateral region outside the S cell arbor, as determined previously (Muller and Scott, 1981) , and within the coupling interneuron arbor, varicosities along branches of the ipsilateral coupling interneuron appeared to make contacts with the R cell (Fig.  3A, arrowhead) . The lateral location of the putative synaptic contacts with the R cell when viewed without the overlying fill of the R cell (Fig. 3B , arrowhead) showed they were made by a coupling interneuron rather than the S cell. The presence of such contact sites suggests that the coupling interneurons may mediate the S-R connection. These putative contact sites indicated by the arrowheads (Fig. 3 A, B ) are shown at a higher magnification in Figure 3C .
Additional dual cell fills were performed in which the S cell was filled with a high-molecular-weight dextran conjugated to Texas Red dye. Because the dextran did not pass through gap junctions and fill the coupling interneurons, it was possible to identify potential contact sites between the R cell and the S cell without the coupling interneurons. In comparison to the 321 Ϯ 30 potential contact sites observed between S cells, coupling interneurons and R cells using biocytin injections (n ϭ 2), dextraninjected S cells revealed 126 Ϯ 11 potential contact sites (n ϭ 2). About one-half of these contact sites appeared to be varicosities of the R cell in close association with the axon and primary neurite of the S cell, consistent with an action of the R cell directly on the S cell. Although the interpretation of these morphological observations is limited, they are also consistent with our interpretation from the electrophysiological data that chemical transmission from the S cell to the R cell is principally indirect and mediated by the coupling interneurons, with possibly a weak direct chemical connection from the S cell onto the R cell.
Coupling interneurons in high divalent cations
The S cell and the coupling interneurons are tightly coupled electrically, such that each action potential in the S cell evokes an action potential in the coupling interneurons, and vice versa (Muller and Scott, 1981) . Because the EPSPs recorded in the R cell in response to S cell action potentials were largely abolished in high divalent cation saline, it seemed likely that the S cell failed to elicit impulses in the coupling interneurons under these conditions, blocking coupling interneuron release of glutamate onto the R cell. To test this hypothesis, intracellular recordings from the coupling interneuron were obtained in physiological saline and during perfusion of high divalent cation saline. To see the coupling interneurons, the S cell was injected with carboxyfluorescein dye, and the coupling interneurons were located by their fluorescence. To determine whether the impulse in the coupling interneurons failed to be elicited by activity in the S cell, the S cell was stimulated extracellularly just above threshold with a suction electrode on the anterior connectives. Simultaneous recordings from the posterior connectives showed the S cell action potential and the extent to which fibers other than the S cell were excited by the extracellular stimulus. In physiological saline, the coupling interneuron impulse recorded in the soma was ϳ10 -20 mV in amplitude. Within the first 2 min of high divalent cation saline perfusion, the amplitude of the coupling interneuron action potential was reduced to Ͻ5 mV. An example of this decrease in the excitability of the coupling interneuron is shown in Figure 4 . Note that, because the S cell impulse was recorded from the connectives leaving the ganglion, the impulse in the coupling interneuron appeared artifactually to precede the action potential in the S cell. The input resistance of the coupling interneuron was 8 -10 M⍀ and its resting membrane potential was between 50 -55 mV. The input resistance did not change during perfusion of high divalent cationcontaining saline, and the membrane potential hyperpolarized by a few millivolts as the action potential decreased in amplitude.
The strong electrical junction between the S cell and the coupling interneurons, and the rapid conduction of S cell action potentials into the coupling interneuron (Muller and Scott, 1981) explain how the polysynaptic connection from the S cell to the R cell can generate EPSPs at such a short latency and appear in many respects monosynaptic. Thus, although in high magnesium salines (1) conduction continues between S cells (not shown) and (2) persistence of a synaptic potential in such solutions has been routinely used to help demonstrate that a synapse is electrical rather than chemical (Nicholls and Purves, 1970) , the high divalent cation technique in this situation, with an excitable interneuron, distinguished between monosynaptic and polysynaptic connections, even with one synapse electrical rather than chemical.
The amplitude of action potentials recorded in the coupling interneuron soma in response to S cell action potentials at 1 Hz, as shown in Figure 4 , declined in intermittently decreasing steps (n ϭ 2). This variability in amplitude was only observed during the initial perfusion of high divalent cations; the action potential recorded in physiological saline appeared fixed in amplitude and the residual depolarization (of a few millivolts) observed toward the end of the 2 min perfusion was of constant amplitude. The residual depolarization in the inexcitable soma of the coupling interneuron might have been caused by the passive spread of action potentials from the S cell, as described below. It is possible that this residual depolarization brought a small subset of presynaptic sites to threshold resulting in the minor, persistent EPSP sometimes observed in high divalent cations (Fig. 2, middle) , although there might also have been a direct connection on the R cell from the S cell.
One untested explanation for the stepwise decline is that separate branches of the coupling interneuron contacting the S cell may each have been separately excitable, and that activity in some branches blocked when in others it did not. This has been demonstrated for sensory neurons in the leech (Muller and Scott, 1981; Macagno et al., 1987; Gu et al., 1989 Gu et al., , 1991 . The recording in the inexcitable soma of the coupling interneuron would therefore show the sum of activity in multiple branches contacting the S cell branches and perhaps the contralateral coupling interneuron. Similarly, cell 204 generates action potentials in two different axon branches almost simultaneously, which can summate into . Progressive decrease in excitability of the coupling interneuron (C) during perfusion of saline containing high divalent cations (18 mM MgCl 2 and 15 mM CaCl 2 ). The S cell was filled with 6-carboxyfluorescein, which also filled the coupling interneurons, making them fluorescent and visible with suitable filters for impalement and recording with a sharp microelectrode (top traces). The S cell was stimulated extracellularly with a suction electrode by delivering an electrical shock just above S cell threshold to the anterior connectives. The bottom traces show extracellular recordings of the S cell action potentials using a suction electrode applied to the posterior connective (S), where it arrived after exciting the coupling interneuron. Although the 12 traces shown in the figure were consecutive with little change in the S cell action potential, the resting membrane potential, or input resistance of the coupling interneuron, the action potential in the coupling interneuron decreased by ϳ70% during 2 min of perfusion with the high divalent cation saline. what appears to be a single action potential in the inexcitable soma (Weeks, 1981) . Interestingly, as the impulse recorded in the coupling interneuron decreased in amplitude, the initial rise time of the impulse remained relatively constant. This would not have occurred had the coupling interneuron action potential, even if spread passively, simply declined in amplitude or if the numbers of active branches declined. A simple explanation is that, instead, the initial rise was caused by the synaptic current from the S cell, which did not decline, and that the later stepwise component was caused by the spread of impulses in a decreasing number of branches of the coupling interneuron. An alternative, less likely explanation is that impulse initiation sites farther from the soma failed first, and that the residual impulse was a subset of more proximal impulse initiation sites that did not fail.
5-HT feedback onto the S cell
The excitation of the R cell by the S cell through the coupling interneurons is believed in turn to cause a release of 5-HT by the R cells that feed back on the S cell to enhance its excitability. Previous work has demonstrated that 5-HT enhances the excitability of the S cell in a cAMP-dependent manner (Burrell et al., 2001; Burrell and Sahley, 2005) . Of the seven families of 5-HT receptors (5-HTRs), only 5-HT 4 R, 5-HT 6 R, and 5-HT 7 R are reported to be positively coupled to cAMP (Raymond et al., 2001) . At low concentrations, 5-MeOT is a selective agonist for these three receptors. 5-MeOT (10 M) relaxes the leech pharyngeal muscle, whereas 5-HT 1 R, 5-HT 2 R, and 5-HT 3 R agonists induce contractions of this muscle (O'Gara et al., 1999) .
To determine whether 5-MeOT mimicked the effects of 5-HT in increasing S cell excitability, two measures of excitability were used. To block neurotransmitter release and indirect effects of 5-MeOT, ganglia were perfused for 10 min with saline containing 18 mM Mg 2ϩ , then the same solution containing 10 M 5-MeOT for 2 min, followed by washing for 5 min in the same solution without drug to terminate 5-HTR activation and to allow the full effects of cAMP/protein kinase A activation to occur. Excitability was measured before applying the drug and after a 5 min wash. Excitability was measured by both the threshold current required to elicit an impulse within 10 -15 ms during a 20 ms pulse, and by the number of action potentials induced by a 200 ms current pulse at the current threshold, as determined during the first measurement. The current threshold decreased in 5-MeOT and the number of impulses per 200 ms pulse at the original threshold current increased without inducing detectable changes in the input resistance or membrane potential (Fig. 5) .
The effect of 5-MeOT and previous work showing that methysergide blocks the enhancement of S cell excitability by 5-HT suggests that 5-MeOT may be acting by way of a 5-HT 7 -like receptor. Furthermore, whereas no 5-HT 4 R or 5-HT 6 R cDNAs have been cloned from any invertebrate to date, 5-HT 7 R-like cDNAs have been cloned from the mosquito Aedes aegypti (Pietrantonio et al., 2001 ) and the nematode Caenorhabditis elegans (Hobson et al., 2003) . Pimozide (Յ10 M), a dopamine receptor antagonist with a particularly high affinity for 5-HT 7 R, was found to antagonize the 5-HT 7 -like receptor cloned from the mosquito (Lee and Pietrantonio, 2003) . Thus, the effects on S cell excitability of 5-MeOT and 5-HT, with and without pimozide, were examined. The experiments were conducted in saline containing 18 mM Mg 2ϩ to prevent any indirect, synaptic effects of the drugs acting on other cells that might synapse on the S cell. The drugs used, at 10 M each were as follows: 5-HT alone, 5-MeOT alone, pimozide alone, 5-HT with pimozide, 5-MeOT with pimozide, and control (no drugs).
The results of these experiments are summarized in a histogram in Figure 6 . An ANOVA revealed the interactions between drug treatment and threshold current (F (5,35) ϭ 3.52; p Ͻ 0.05), and drug treatment and number of impulses (F (5,35) ϭ 4.76; p Ͻ 0.01), to be statistically significant. The interactions between drug treatment and membrane potential ( p ϭ 0.18), and drug treatment and input resistance ( p ϭ 0.61), were not significant. Post hoc analysis using the least significant differences (LSD) test was used to compare specific treatment groups with respect to threshold and number of impulses. 5-MeOT caused a significant reduction in current threshold compared with controls ( p Ͻ 0.05) or to 5-MeOT applied with pimozide ( p Ͻ 0.05). When applied simultaneously with pimozide, 5-MeOT did not reduce current threshold compared with controls ( p ϭ 0.72). Similarly, 5-MeOT caused a significant increase in the number of impulses compared with controls ( p Ͻ 0.05) or when compared with 5-MeOT applied simultaneously with pimozide ( p Ͻ 0.001), but when applied simultaneously with pimozide, 5-MeOT did not cause an increase in impulses relative to control ( p ϭ 0.33). 5-HT All drugs in these histograms were applied at a concentration of 10 M. A, An ANOVA revealed a significant interaction (F (5,35) ϭ 3.52; p Ͻ 0.05) between drug treatment and the threshold current required to induce an impulse from the S cell, according to the methods described in Figure 5A . Note in particular that a post hoc analysis using the LSD test confirmed that 5-MeOT caused a significant reduction in current threshold compared with controls ( p Ͻ 0.05) and compared with 5-MeOT applied simultaneously with pimozide (10 M; p Ͻ 0.05). There was no significant difference between the 5-MeOT applied with pimozide and controls ( p ϭ 0.72), and pimozide alone had no effect on current threshold ( p ϭ 0.70). B, A separate ANOVA showed a significant interaction between drug treatment and the number of impulses elicited from the S cell during a 200 ms current pulse (F (5,35) ϭ 4.76; p Ͻ 0.01), as described by the methods in Figure 5B . Post hoc analysis using the LSD test verified that 5-MeOT caused a significant increase in the number of impulses compared with controls ( p Ͻ 0.05) or 5-MeOT applied with pimozide ( p Ͻ 0.001). There was no significant difference between 5-MeOT applied with pimozide and controls ( p ϭ 0.33) or pimozide alone and controls ( p ϭ 0.90). The effect of 5-HT was significantly different from the effect of 5-HT plus pimozide, with respect to both current threshold and number of impulses ( p Ͻ 0.05). The interaction between the change in the current threshold and the change in the number of impulses was examined across drug conditions using the Pearson's product-moment correlation; the correlation was statistically significant (r ϭ Ϫ0.70; p Ͻ 0.001, Student's t test). Asterisks indicate significance as follows: *p Ͻ 0.05; **p Ͻ 0.001. Error bars indicate SEM.
appeared to have less potent effects on excitability than equimolar 5-MeOT. Whereas 5-HT was not significantly different from 5-MeOT with respect to decreasing threshold current ( p ϭ 0.25) or increasing the number of impulses ( p ϭ 0.16), relative to controls, 5-HT did not cause a significant decrease in threshold current ( p ϭ 0.32) or number of impulses ( p ϭ 0.20). The S cell appears to have a low-affinity 5-HTR that enhances S cell excitability at higher 5-HT concentrations (i.e., the 5-HT 7 -like receptor) and a high-affinity 5-HTR that decreases S cell excitability at lower 5-HT concentrations (Burrell et al., 2001 ). It may be that 5-HT has a less potent effect on the S cell because it activates both receptors, whereas 5-MeOT is selective for the 5-HT 7 -like receptor. 5-HT did differ significantly from 5-HT applied simultaneously with pimozide, with respect to both threshold ( p Ͻ 0.05) and number of impulses ( p Ͻ 0.05). Pimozide was not different from control as regards either threshold ( p ϭ 0.70) or number of impulses ( p ϭ 0.90). A Pearson product-moment correlation analysis, together with a two-sided Student's t test, found a statistically significant inverse relationship between the change in current threshold and the change in the number of impulses across all drug conditions (r ϭ Ϫ0.70; p Ͻ 0.001). These results suggest that the effect of 5-HT on S cell excitability is mediated by a 5-HT 7 -like receptor.
To further characterize the pharmacological properties of the 5-HTR responsible for regulating S cell excitability, a highly selective 5-HT 7 R antagonist, SB-269970 (5 M), was used. Because experiments described above established that 5-MeOT affects S cell excitability directly, experiments with SB-269970 were conducted in physiological saline (containing no MgCl 2 and 1.8 mM CaCl 2 ). Furthermore, because Burrell and Sahley (2005) demonstrated that methysergide blocks the ability of 10 M 5-HT to enhance the excitability of the S cell, the ability of 100 M methysergide to block the effects of 10 M 5-MeOT on S cell excitability was also examined. In saline, 10 M 5-MeOT decreased the current threshold for S cell impulses by 0.92 Ϯ 0.03 nA (n ϭ 5). In combination with 5 M SB-269970, 10 M 5-MeOT reduced the current threshold by only 0.04 Ϯ 0.05 nA (n ϭ 7). Similarly, 10 M 5-MeOT did not significantly reduce current threshold when applied in combination with 100 M methysergide (0.13 Ϯ 0.16 nA; n ϭ 5). An ANOVA revealed a significant interaction between drug treatments (F (2,14) ϭ 38.02; p Ͻ 0.001). Post hoc analysis using the LSD test verified that the effect of 5-MeOT alone was significantly different from 5-MeOT with SB-266970 ( p Ͻ 0.001) or methysergide ( p Ͻ 0.001), but there was no difference between the two antagonist treatments ( p ϭ 0.18).
Pimozide, like other neuroleptics in the structural class of diphenylbutylpiperidines, reportedly binds to and possibly blocks certain potassium and calcium ion channels, including G-protein-gated inwardly rectifying and delayed-rectifier potassium channels, and L-type and T-type calcium channels (King et al., 1989; Kobayashi et al., 2000; Santi et al., 2002; Zhang et al., 2003) . However, in the present experiments, pimozide appears instead to have impaired the enhancement of S cell excitability through actions on a 5-HT receptor, because pimozide by itself did not affect S cell excitability. Moreover, pimozide mimicked the effects of SB-269970, an aryl sulfonamide, which has no reported effects on ion channels. Also, no changes in action potentials were observed, consistent with a lack of effects on delayedrectifier potassium channels. All of our experiments involving pimozide were conducted in saline containing a 10-fold excess of magnesium to calcium ions, so effects of changes in calciumdependent membrane properties would have been diminished.
Of course, the effect of bath applied 5-HT may differ from the effects of 5-HT released endogenously within the nervous system. Thus, the ability of pimozide to block the increase in excitability of the S cell observed after R stimulation was also examined. Following the methods of Burrell et al. (2001) , the excitability of the S cell was measured before and immediately after intracellular stimulation of the R cell (10 s, 4 Hz). There was no wash and no delay between R-cell stimulation and the final excitability measurement. Although intracellular stimulation of the R cell reduced the threshold current required to evoke an S cell impulse by 0.33 Ϯ 0.18 nA (n ϭ 5) in physiological saline (Fig. 7A ), R-cell stimulation did not significantly reduce the threshold current of S cells first exposed to 10 M pimozide for 4 min (Fig. 7B ) (0.06 Ϯ 0.05 nA; n ϭ 6). An ANOVA confirmed that this effect was statistically significant (F (1,9) ϭ 18.20; p Ͻ 0.01). The input resistance of the S cell increased slightly after R-cell stimulation, both with pimozide (1.7 Ϯ 1.1 M⍀) and without it (1.7 Ϯ 0.7 M⍀), but the effect of pimozide on input resistance was not significant (F (5,5) ϭ 2.64; p ϭ 0.16). The increase in input resistance may reflect an increase in the quality of impalement over time. Similarly, there was little change in the membrane potential of the S cell after R-cell stimulation, whether pimozide was present (change of Ϫ0.2 Ϯ 1.1 mV) or absent (change of 0 Ϯ 0.7 mV) from the saline (F (6,4) ϭ 0.70; p ϭ 0.67).
The change in the number of impulses after R-cell stimulation in saline without pimozide was small (an increase of 1.12 Ϯ 0.13 impulses after R-cell stimulation) and not significant. Therefore, it is not surprising that the effect of pimozide on the increase in impulse number after R-cell stimulation was not significant (F (1,9) ϭ 1.22; p ϭ 0.30). . A, Current threshold required to elicit an action potential from the S cell was measured before and immediately after stimulation of the R cell for 10 s at 4 Hz. R-cell stimulation caused a mean reduction of 0.33 Ϯ 0.18 nA in threshold current (n ϭ 5). B, When ganglia were bathed in saline containing pimozide (10 M), R-cell stimulation caused no significant reduction in threshold current required to produce an action potential (0.06 Ϯ 0.05 nA; n ϭ 6). An ANOVA revealed that there was a significant effect of pimozide on changes in excitability after R-cell stimulation (F (1,9) ϭ 18.20; p Ͻ 0.01).
